Abstract: The obligatory, periodic regurgitation of forestomach material and its subsequent re-mastication is the hallmark of the most diverse extant large herbivore group, the ruminants. Although the process of rumination is well understood in domestic species, differences between free-ranging wild ruminant species, for example of different body size or different feeding type, remain speculative to date. Here we investigate the proportion of plastic particles of varying size (1, 10 and 20mm) and density (1.03, 1.20 and 1.44 mg/ml) that are recovered intact or ruminated-upon after insertion into the reticulorumen (RR) of domestic cattle (Bos primigenius f. taurus) on grass silage, and of muskoxen (Ovibos moschatus; n = 4) and moose (Alces alces; n = 2) both fed browse and grass diets. In the three species, the proportion of particles leaving the RR intact depended on particle size, with density showing no effect in this study. The major proportion of 1mmparticles was excreted intact, whereas intact 10-20mmparticles were only excreted sporadically, and not in all animals. Intact particles were mostly found in the initial samples after marker application, and mean retention times of intact particles were always shorter than those of ruminated particles. There were no differences between moose and muskoxen, but diet had a significant effect, with a higher proportion of 1mm particles ruminated upon on the grass diet in both species, indicating a higher 'filter-bed effect' with entrapment of small particles in a fibre mat in the RR on a grass diet. Given that less particles were ruminated on the grass diet, one could either assume that free-ranging browsers ruminate less than grazers on similar food intakes (or that they have higher food intakes at similar levels of rumination). The existing data on time-budgets of free-ranging ruminants, however, does not suffice to test these hypotheses. The fact that indication of a 'filter-bed effect' was also detectable in moose raises the question whether adaptations described in 'cattle-type' ruminants really serve to re-inforce the processes of RR contents stratification and the 'filter-bed', or whether they are not rather directed at other aims, such as maximizing microbial yield from the RR. 
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RR contents) according to their forestomach physiology. 94
This raises the question whether the difference in RR physiology is also linked to 95 differences in the process of rumination. In particular, the findings of Nygren et al. (2001) and 96
Clauss et al. (2002) on differences in the faecal particle size of grazing and browsing 97 ruminants could suggest that, in animals without or with less stratified rumen contents, 98 rumination may not occur to the same extent as in animals whose rumen contents are actually 99 stratified. It has been shown since that differences between grazers and browsers in this 100 respect are probably an effect of diets fed in captivity (Hummel et al. 2008 ; Lechner et al. 101 2010) and that the sorting mechanism of particles in the reticulorumen itself also operates 102 without an evident rumen contents stratification (Lechner et al. 2010 ). Nevertheless, subtle 103 differences in the retention of certain particle fractions that indicate a more pronounced filter-104 bed effect in grass-fed ruminants (Clauss et al. 2011 ) suggest that natural diets may have an 105 influence on the degree that digesta particles are submitted to rumination. Because rumination 106 is linked to the fibre content of the diet , and because it has been often 107 assumed that browsers consume diets lower in fibre (Hofmann 1989 ; but see Clauss and 108
Dierenfeld 2008), it was suggested that browsers might spend less time ruminating than 109 grazers (Van Soest 1994, p. 54). A comprehensive comparative analysis is, however, lacking. 110
In this study, we aimed to test for differences in the proportion of particles (specifically 111 longer particles) leaving the RR intact or ruminated-upon in different ruminants, using plastic 112 markers. For this purpose, we used moose (Alces alces), which have been repeatedly 113 described as strict browsers (Schwartz 1992 ) and whose RR contents are not stratified 114 
Plastic particles 134
The evaluated plastic particles of different densities (1.03, 1.22 and 1.44 g/ml), sizes (1, 10 135 and 20 mm) and a common diameter of 0.7 mm consisted of polyethylene and barium 136 sulphate. Nine different colours (yellow, orange, red, white, beige, black, violet, blue and 137 green) were used for the purpose of differentiation of density/size combinations in the faeces. 138
Because white and yellow particles could not be told apart after gut passage, both particle 139 types could not be evaluated in cattle (i.e., we could not differentiate yellow particles of 1 mm 140 and 1·03 g/cm 3 from white particles of 1 mm and 1·20 g/cm 3 ); in wild ruminants, only the 141 yellow but not the white particles were used (1·20 g/cm 3 particles were thus only represented 142 by 1 mm -black -and 20 mm -beige -particles were used. The animals had been provided with ad libitum access to water, shade and their 152 respective feed. During the trial, the oxen were placed on a diet of grass silage, the muskoxen 153 were on a diet of either fresh mixed browse or grass hay in a crossover design, and the moose 154
were on an initial diet of fresh mixed browse, followed by a diet of grass silage a few months 155 later. Feeding was ad libitum. After an adaptation period to new diets, which lasted at least 156 14d, the plastic markers were applied as a pulse dose previous to the morning feed between 157 08:00 and 10:00 hours via the rumen cannulas. Subsequently, sampling of faeces was carried 158 out at progressively increasing intervals up to 240 h after marker dosage in oxen, 264-288 h in 159 muskoxen and 264-278 h in moose. For the current investigation, we examined the sorted particles a second time, in order to 169 differentiate those that had stayed intact from those which had been ruminated. The 170 distinction was made visually, based on the general shape of the particles: squeezed, 171 extremely bended, and broken, as well as particles with obvious tooth marks, or particles that 172 had been reduced in size, were considered as ruminated, while the particles that had retained 173 their original size and shape were categorized as intact. The sorting was performed 174 consistently by the same investigator (ML) under bright light conditions, with the help of a 175 magnifying glass. Plastic particles of each colour and rumination status were weighed, and the 176 concentration of markers was expressed as g particles/g faecal dry matter for each density and 177 initial particle size. MRT for the toal digestive tract for each particle type was calculated as 178 
Literature survey 209
In addition to the experimental data, we collected data from the literature on the time spent 210 ruminating in free-ranging wild ruminants. The literature search was performed using Google 211 Scholar and Pubmed, using ruminant genus names in combination with the terms 212 "rumination" and "activity budget" as search terms. Sources that did not observe rumination , and an effect of both of these parameters was tested 227 using correlation analysis and a GLM. Because no significant influence of either parameter 228 was evident, we did not apply further statistics accounting for phylogeny. 229
230

Results
231
Intact particles were mostly found in the initial samples after marker application (examples 232 documented in Fig. 1 ). Correspondingly, calculated mean retention times (MRT) for intact 233 particles were always shorter than those for ruminated particles in all three species (Table 1) . 234
Whereas the major proportion of the smallest particles was excreted intact (see below), the 235 proportion of 10-20 mm particles excreted intact was only sporadic, with several animals 236 excreting no large intact particles at all (Table 1) . 237
238
Cattle 239
The smallest and heaviest particles clearly constituted the highest percentage of intact 240 particles (%intact); actually, about 90% of the 1 mm, 1.44 g/ml particles were excreted intact. 241
In contrast, no distinction could be made between %intact of medium and large particles of 242 low (1.03 g/ml) and high (1.44 g/ml) density. However, there was a striking high percentage 243 of intact 10 mm particles of the middle density-class (Fig. 2a) . 244
For the smallest, heaviest particles, MRT intact (%rum) was close to 100%, indicating a 245 rather simultaneous excretion of the few ruminated particles with the intact ones. In contrast, 246
MRT intact (%rum) was about 50% or lower for larger particles, indicating that if such particles 247 escaped the reticulorumen intact, they did so much sooner than those particles of their kind 248 that are ruminated upon, similar to the findings documented in Fig. 1 . This was particularly 249 pronounced for the lightest particles (Fig. 2b) . 250
251
Muskoxen and moose 252
The most important factor influencing both %intact and MRT intact (%rum) was particle size (P 253 < 0.0001; η 2 = 0.81 for %intact, 0.32 for MRT intact (%rum); Table 2 ), entailing a decline in the 254 fraction of markers escaping intact with increasing particle size in both species on both diets 255 (Fig. 3) , and also an increase in MRT intact (%rum) with decreasing particle size (Fig. 4) . The 256 low importance of all variables aside from particle size is emphasized by huge data overlaps 257 across species, diets, and particle densities. Although particle density also had a significant 258 effect on both measures (P = 0.020 and 0.027), this only occurred in the first measure because 259 of a negative slope for muskoxen fed grass (Fig. 3a) , and in the second because of a positive 260 slope for moose fed grass (Fig. 3c) . Slopes included zero at 95% confidence for all other 261 cases. However, these effects were probably non-linear, especially particle size which clearly 262 shows a decline in %intact over an increase from 1 to 10 mm, but much less change across 263 larger particle sizes (Fig. 3) . This non-linearity might also account for the inconsistent results 264 across species and diets. 265
Most other effects were either not significant in these analyses, e.g. food intake (P = 266 0.433 and 0.791), or only approached significance perhaps due to low power of the non-267 parametric analyses, e.g. diet (P = 0.707 and 0.111). However, in the case of the diet effect, a 268 higher % of intact markers (less efficient rumination) for both species fed browse than when 269 they were fed grass is visually apparent for the smallest particle size (Fig. 3) . Restricting our 270 analysis to include data only for the smallest particle size revealed a significant and strong 271 effect of diet on %intact (P < 0.001; η 2 = 0.48). 272
Finally, our analyses found no evidence for a difference in %intact between the two 273 species (P = 0.484), although MRT intact (%rum) was significantly higher in moose than in 274 muskox (P < 0.001), and showed there were no differences in either proxy for rumination 275 efficiency among individuals of either species (Table 2 ; note that P = 0.037 for the 276 "Individual" term for %intact, but post hoc tests revealed no significant differences between 277 individuals within either species; P = 0.359 to 0.999). 278
279
Literature data 280
In the literature, even a very small ruminant as the dikdik (Madoqua kirki) is reported to 281 ruminate for 6 hours per day or 25% of its activity budget (Hendrichs and Hendrichs 1971). 282
Similarly, another small ruminant, the blue duiker (Cephalus monticola), was observed to 283 ruminate 5.6 hours per day or 23% of its activity budget in captivity on a browse-only diet 284 
diet. 294
There was no correlation between body mass (BM) and the proportion of time spent 295 ruminating for wet season data (R = 0.20, P = 0.392), data averaged for all seasons (R = 0.34, 296 P = 0.140), or the overall minimum (R = -0.02, P = 0.942; Fig. 5a ). The percentage of grass in 297 the natural diet (%grass) was also not correlated to the proportion of time spent ruminating for 298 wet season data (R = 0.31, P = 0.182) or data for all seasons (R = 0.14, P = 0.553), but there 299 was a significant correlation with the overall minimum (R = 0.46, P = 0.041; Fig. 5b ). In the 300 GLM with the overall minimum proportion of observed time spent ruminating as the 301 dependent variable and BM and %grass as covariables, BM again was not significant (F 2,17 = 302 0.217, P = 0.647) but %grass was (F 2,17 = 4.864, P = 0.041). When comparing data on the 303 measured or reconstructed neutral detergent fibre (NDF) content of forage diets fed in 304 captivity or observed in the wild, as linked to the observed time spent ruminating, no 305 difference between animals of different feeding types is evident (Fig. 6) . Whereas there seems 306 to be a clear increase in rumination time with forage fibre content for NDF levels of up to 50 307 % in dry matter, the pattern became less evident above that fibre level. The general 308 impression is that rumination levels off at 8 hours per day and rarely exceeds 10 hours. 309 310 Discussion 311
Rumen physiology 312
The present study demonstrates no significant distinction between the species regarding the and rumination between the 'cattle-type' and the 'moose-type' species. The ruminant 318 digestive physiology is generally marked by a particle size reduction of the digesta in the 319 reticulorumen (RR) via rumination. 320
In the ruminant literature, the term "critical size threshold" has been used to describe the 321 particle size above which particles are very unlikely to leave the RR. This threshold was 322
reported to be about 1.18 mm in sheep (Poppi et al. 1980 ), 3.6 mm in cattle (Shaver et al. that the difference between 10 and 20 mm leads to a very small but detectable difference in 332 the proportion of particles that leave the RR intact (Fig. 2, 3) . In contrast to findings by 333 desBordes and Welch (1984), density had no evident effect on whether particles were 334 ruminated or passed intact. These authors had reported a lower proportion of intact particles 335 in the lighter markers, which is plausible due to these particles' updrift and hence tendency to 336 locate themselves in the fibre mat and be regurgitated. In our study, this effect was evident in 337 the smallest particles, but not significant, similar to observations by Kaske et al. (1992) who 338 also found no significant effect of density in their sheep. Due to a similar trial with plastic 339 markers in cattle, Stetter Neel et al. (1995) concluded that other factors than density 340 determined the passage of particles from the RR. 341
Those particles that leave the RR intact usually do so earlier than ruminated ones of the 342 same particle class. Because this effect is particularly evident for the larger-sized particles, the 343 resulting interpretation is that if the odd large particle does escape rumination, it does so at the 344 very beginning of the digestive process. This was also evident in other studies using plastic 345
markers (desBordes and Welch 1984; Kaske et al. 1992). The most likely explanation for this 346
phenomenon is that the high RR fill, as experienced during and immediately after food intake, 347
can create conditions where the sorting mechanism is less effective. RR outflow is highest 348 during the intake of new food (Balch 1958), and a higher food intake level is generally 349 associated with the escape of larger particles from the RR ). This also 350 matches seasonal changes in faecal particles in free-ranging moose, in which a higher 351 proportion of larger particles occurs during the season of high food intake (Nygren and 352 Hofmann 1990; Nygren et al. 2001 ). As markers were applied in this study directly prior to 353 the morning feeding, we speculate that during the first meal some of the larger particles were 354 dislocated within the RR so that they had a chance to escape; after equilibration of RR 355 contents, the sorting mechanism generally prevented any further escape of large particles. 356
These results thus suggest that the sorting mechanism in itself needs to be conceptualized as a 357 for RR escape are additionally retained due to entanglement in the fibre mat. In the present 369 evaluation, the effect of grass leading to a lower proportion of intact small particles was 370 evident, indicating that in grass RR contents, small particles were more likely to be trapped 371 and regurgitated than in browse RR contents, irrespective of the ruminant species. Because 372 due to its fermentation characteristics, it pays to retain grass material longer than browse 373 quicker outflow of small particles when feeding a legume hay as compared to a slower 382 outflow of small particles when feeding a grass hay -potentially due to the additional 'filter-383 bed effect' in grass RR contents. Kelly and Sinclair (1989) found that the boli of RR contents 384 regurgitated for rumination contained a very low proportion of leaf particles when the sheep 385 were fed legume diets, but proportions equal to that in the food when fed grass diets. Again, 386 this indicates that smaller particles are retained longer in grass RR contents. These authors 387 also demonstrated differences in particle shape between grass (longish particles) and legumes 388 (more cuboidal particles) also observed between grass and browse (Clauss et al. 2011), and 389 linked these measurements to structural forage characteristics, in particular the orientation of 390 vascular bundles. 391
On the one hand, the fibre mat, RR contents stratification and 'filter-bed effect' will lead 392 to a more thorough digestion of grass forage. On the other hand, these factors will represent a 393 limitation that might prevent animals from maximizing food intake. Various 394 morphophysiological characteristics of 'cattle-type' ruminants have been suggested to 395 reinforce the tendency of grass forage to form a fibre mat and stratified RR contents may well be in the area where a strong relationship with rumination is not evident (Fig. 6) . 421
Other factors, such as food intake level (e.g. Welch and Smith 1969a) -which may be subject 422 to seasonal variation -, might be more influential in this fibre range. Insecurity in the 423 measurement of rumination time due to difficulties in observing the behaviour at nighttime 424 (which accounts for the majority of all rumination activity), and variation in the relationship 425 of night vs. day rumination ), which makes a calculation with a correction 426 factor impossible, potentially renders the measurement of rumination by observation so 427 inaccurate that the differences due to different dietary fibre levels might be overlooked. The inclusion of browse leaves or legumes in a diet can lead to higher intakes in 439 muskoxen (Boyd et al. 1996) , and intake on browse may be higher than that on grass forage 440 (Lechner et al. 2010 
